INTRODUCTION
The recruitment of leukocytes from the blood stream into areas of injury or infection is essential for host defense but may also contribute to the inflammatory complications of allergic and autoimmune diseases. The leukocyte extravasation involves distinct steps, including initial rolling controlled by members of the selectin family or by ␣4 integrins, firm interaction mediated by integrins, and subsequent transendothelial migration [1] [2] [3] . Chemokines produced by endothelial cells and local inflammatory cells are an essential component of the leukocyte recruitment. Chemokines have been shown to trigger firm adhesion of leukocytes to vascular endothelium under flow condition by enhancing integrin-ligand-binding affinity [4 -6] . Recently, Alon and colleagues [7] suggested that apical endothelial chemokines under shear force promote T cell migration across the endothelial barrier, even in the absence of chemotactic gradients. Inappropriate activation of the chemokine network has been associated with a number of human inflammatory diseases [8] ; however, knowledge on specific roles of individual chemokines in a particular disease is very limited.
In contrast to granulocytes and monocytes, which predominate in the acute phase in local inflammation, recruitment of T cells needs antigen and cytokine stimulation to acquire necessary adhesion molecules and chemokine receptors. CXCR3, whose ligands include interferon (IFN)-inducible protein 10 (IP-10; CXCL10), monokine induced by IFN-␥ (MIG; CXCL9), and IFN-inducible T cell ␣ chemoattractant (I-TAC; CXCL11), is one of the G protein-coupled chemokine receptors that is induced as a result of T cell activation [9, 10] . In humans, expression of CXCR3 is restricted primarily to cells of the lymphoid lineage, including activated T cells, natural killer cells, and a subset of peripheral blood B cells [9 -11] . In vitro, CXCR3 surface expression can be induced on T cells from human peripheral blood by treatment with exogenous interleukin (IL)-2, anti-T cell receptor (TCR) antibodies, or other stimuli that mimic the normal T cell activation process [12, 13] . CXCR3 has been characterized as a marker for T cells associated in vivo with human inflammatory reactions. Its expression appears particularly prominent on cells with a T helper cell type 1 (Th1) bias, such as those enriched in the synovial fluid of patients with rheumatoid arthritis or in perivascular infiltrates of patients with active multiple sclerosis [13] [14] [15] . Hancock and colleagues [16] demonstrated that mice made deficient in CXCR3 showed profound resistance to development of acute allograft rejection. Thus, a CXCR3 antagonist may prove to be a therapeutic agent in the treatment of autoimmune disorders and transplant rejection.
In this study, we use a TCR transgenic model to study CXCR3 expression and function on T cells following activation with specific antigen and cytokines. Using an adjuvant-induced peritonitis model, the effect of anti-CXCR3 on the migration of adoptively transferred, in vitro-activated T cells to the inflamed peritoneum has been evaluated.
MATERIALS AND METHODS

Mice
AND transgenic mice, expressing an ␣/␤ TCR (V ␣ 11, V ␤ 3) recognizing Pigeon cytochrome C (88-104), was first developed by S. Hedrick and coworkers [17] . The AND transgenic mice purchased from Jackson Laboratory (Bar Harbor, ME) were backcrossed to the B10.BR strain for five generations. These mice were further backcrossed to B10.BR mice for seven generation at Merck Research Laboratories (Rahway, NJ). C57BL/6 mice (Taconic, Germantown, NY) were used for delayed-type hypersensitivity (DTH) response. DO11.10 TCR transgenic mice [18] were purchased from Jackson Laboratory. All mice were maintained under viral antigen-free/specific pathogen-free conditions in microisolator cages.
Reagents
The Pigeon cytochrome C peptide [(NH2)-KAERADLIAYLKQATAK-OH] was prepared at Merck Research Laboratories as described previously [19] . The murine CXCR3 peptide, (NH2)-YLEVSERQVLDASDFAF-Orn-C-OH, representing N-terminal receptor residues 2-18 [20 -22] , was custom-synthesized and purified at PeptidoGenic Research and Co. (Livermore, CA). Murine IL-12, IL-4, and IL-2 and antimurine CCR5 antibody were purchased from BD PharMingen (San Diego, CA).
Rabbit antimurine CXCR3 antibody preparation
To generate the anti-mCXCR3 antibody, rabbits were immunized with the N-terminal peptide (residues 2-18) (NH2)-YLEVSERQVLDASDFAF-Orn-C-OH coupled to thyroglobulin as described previously [19] . The immune sera were affinity-purified by peptide antigen affinity chromatography (Bio Express Cell Culture Services, West Lebanon, NH). Endotoxin levels were determined to be Ͻ1 EU/ml sera. Anti-mCXCR3 antibody staining of murine-activated T cells can be blocked by the immunizing peptide [23] .
In vitro differentiation of T cells
A protocol similar to that described previously [24] was used to polarize IL-4-and IFN-␥-producing CD4 ϩ T cells following activation of naïve splenic cells from AND TCR mice. Briefly, spleens were prepared from AND TCR-transgenic mice. Red blood cells pigeon cytochrome C were eliminated using acetate kinase lysing buffer (Eq. 79-0422DG, Life Technologies, Grand Island, NY). Dead cells were removed using high phosphate-buffered saline (PBS). The cells were resuspended in RPMI-1640 medium (Cellgro, Mediatec, Herndon, VA) supplemented with 2 mM L-glutamine, 10 mM HEPES, 1 mM sodium pyruvate, 0.1 mM nonessential amino acids, 50 g/ml gentamycin, and 10% fetal calf serum. T cell differentiation was induced by culturing splenic cells at 2 ϫ 10 6 /ml with 1 M pigeon cytochrome C peptide plus 2 ng/ml IL-2 and with 10 ng/ml IL-12 for Th1 cells or with 20 ng/ml IL-4 for Th2 cells. Cultures were fed with fresh medium (supplemented with peptide and appropriate cytokines) at days 2 and 4 and were then harvested at day 6 for the subsequent adoptive-transfer study.
Cytoplasmic staining of cytokines BD PharMingen's Cytofix/Cytoperm kit was used for cytokine detection at the single-cell level. Briefly, in vitro-differentiated Th1 and Th2 cells were restimulated with 1 M PCC peptide. Four h later, GolgiPlug (Brefeldin A) was added to the culture for another 12-h incubation. Cells were then fixed, permeabilized, and stained with fluorescein isothiocyanate (FITC)-labeled anti-IFN-␥ and antigen-presenting cell (APC)-labeled anti-IL-4 monoclonal antibodies (mAb), according to the manufacturer's manual.
Adoptive transfers and complete Freund's adjuvant (CFA) injection
In vitro-differentiated AND TCR T cells were harvested at day 6 and centrifuged over Ficoll-sodium metrizoate and were then incubated with 1 M green tracker 5-chloromethylfluorescein diacetate (CMFDA; Molecular Probes, Eugene, OR), diluted in L-15 medium (Cellgro, Mediatec) with 5% fetal bovine serum (FBS) for 20 min at 37°C. Cells were centrifuged and incubated for an additional 30 min at 37°C in fresh L-15 medium with 5% FBS. Cells were then centrifuged and resuspended in PBS at 3 ϫ 10 7 /ml. Labeled cells (1.5ϫ10 7 ) in 500 l PBS were typically transferred intravenously (i.v.) into irradiated (750 rads) AND TCR mice. Twenty-four hours later, mice were given intraperitoneal (i.p.) injections of 500 l PBS emulsified in CFA (Difco, Detoit, MI). Seventy-two hours after CFA injection, spleen and peritoneal cells were harvested and analyzed by flow cytometry.
Fluorescein-activated cell sorter (FACS) analysis
In vitro polarized Th1 and Th2 cells (1ϫ10 6 ) were first incubated with 5 g/ml anti-CD16/CD32 (BD PharMingen) to block Fc receptors. The cells were then stained with 2 g affinity-purified rabbit anti-mouse CXCR3 antibody or with 2 g control rabbit immunoglobulin G (IgG), followed by incubation with 1 g phycoerythrin (PE)-conjugated donkey anti-rabbit IgG (ICN, Costa Mesa, CA). In adoptive-transfer studies, CMFDA-labeled cells were detected by direct fluorescence in the FL1 channel on the flow cytometer. In most cases, these spleen and peritoneal cells were also stained with PE or APC-labeled anti-CD4 antibody (BD PharMingen). Single-or two-color fluorescence analysis was done using a FACScan (Becton Dickinson, San Jose, CA) using propidium iodide and light-scatter signals to gate out dead cells and debris.
T cell chemotaxis
A modified Boyden chamber chemotaxis system (ChemoTx TM , NeuroProbe, Gaithersburg, MD), consisting of a 96-well microplate and a filter (6.0-mm diameter, 5-pore size), coated on the bottom with fibronectin (50 l of a 10 g/ml solution, then air-dried), was used for chemotaxis measurements. Briefly, aliquots of polarized murine CD4 ϩ T cells were washed and resuspended at 1 ϫ 10 7 cells/ml in warm (37°C) Hanks' balanced saline solution (HBSS)/bovine serum albumin [(BSA); HBSS without phenol red, calcium, or magnesium (Mediatec)ϩ0.01% BSA] and loaded with Calcein-AM (Molecular Probes) at a concentration of 2 M for 30 min at 37°C. The cells were washed again in HBSS/BSA and resuspended in RPMI/BSA [RPMI without phenol red (Mediatec)ϩ0.5% BSAϩ1% dimethyl sulfoxide] to a concentration of 1 ϫ 10 7 cells/ml. To initiate the chemotaxis, chemokines were diluted in warm (37°C) RPMI/BSA and added in 29 l to the bottom of the microplate before affixing the filter to the unit. Aliquots (50 l) of the Calcein-loaded T cells were then added to the top of the filter over each individual well. The microplates were subsequently incubated for 4 h at 37°C. Remaining cells were suctioned off the top of the filter. The filter was rinsed with PBS and wiped with a rubber squeegee. The plate with filter intact was read in a Cytofluor TM II fluorometer (PerSeptive Biosystems, Foster City, CA).
Binding assay
Binding of 125 I-IP-10 (2200 Ci/mmol, typically 20 PM) in the presence of unlabeled ligands was initiated by adding 6-day-cultured Th1 cells or mCXCR3-transfected RBL-2H3 cells (75,000 cells/point) as described previously [12] . After incubation at room temperature for 30 min, the cells were filtered through GF/C filters treated with 0.33% polyethyleneimine, washed with buffer containing 25 mM HEPES, 0.02% NaN3, and 0.5 M NaCl, pH 7.2, and counted using the Top Count.
DTH model
C57 BL/6 mice were immunized i.v. with 1.5 ϫ 10 6 sheep RBC (sRBC; Colorado Serum Co., Denver) in 0.25 ml Dulbecco's PBS. Four days after immunization, the mice were challenged by a subplantar injection in the hind footpad with 5 ϫ 10 8 sRBC in 0.05 ml PBS. The hind-foot volume was measured with a mercury plethysmograph to a marked spot over the lateral malleolus just before challenge. The magnitude of the DTH response was measured 24 h later, and the data were expressed as the change (in l) of footpad volume. Anti-CXCR3 (200 g) was dosed intravenously while indomethacin (3 mg/kg) was dosed orally at the time of challenge.
Isolation of RNA and real-time, quantitative reverse transcriptase-polymerase chain reaction (RT-PCR; Taqman)
Total RNA was extracted using Trizol reagent. mRNA was then prepared using an Oligotex mRNA mini kit (Qiagen, Valencia, CA), according to the manufacturer's protocol. cDNA was synthesized from RT of mRNA and further PCR amplified on an ABI PRISM 7700 sequence detector using reagents and protocols provided by Applied Biosystems (Foster City, CA). Primers and probes were designed with the Primer Express TM program (PE Biosystems, Foster City, CA) and checked for a lack of homology with other genes. Probes for genes of interest were labeled with the reporter dye FAM (6-carboxyfluorescein) and the glyceraldehyde 3-phosphate dehydrogenase (GAPDH)-specific probe with VIC TM . Except for GAPDH, forward primers were used at 300 nM, reverse primers at 900 nM, and probes at 200 nM; both GAPDH primers were used at 100 nM and the GAPDH probe at 200 nM. For a number of genes, predeveloped reagents were purchased from PE Biosystems and were used at concentrations suggested by the manufacturer. To detect the possible genomic DNA contamination, a minus RTase control was performed on each mRNA sample. PCR reactions for each mRNA species were performed in duplicate and in the same well as the GAPDH reaction. Average gene-specific threshold cycle (CT) values were normalized by subtracting GAPDH-specific CT values [CT (FAM)-CT (VIC)ϭ⌬CT]. mRNA amplification in CFA-treated sample was determined relative to saline-treated sample. ⌬CT value of saline-treated sample was subtracted from ⌬CT value for CFA-treated sample [⌬CT (CFA-treated)-⌬CT (saline-treated)ϭ⌬⌬CT]. Amplification number was calculated with the Eq. 2
Ϫ⌬⌬CT . GAPDH forward primer: 5Ј-TGCACCACCAACTGCTTAG-3Ј; reverse primer: 5Ј-GGATGCAGGGATGATGTTC-3Ј; probe: 5Ј-VIC-CAGAAGACTGTGGATGGCCCCTC-TAMRA. MIG forward primer: 5Ј-TGCACGATGCTCCTGCA-3Ј; reverse primer: 5Ј-AGGTCTTTGAGG-GATTTGTAGTG-3Ј; probe: 5Ј-6FAM-CAGCACCAGCCGAGG CACGA-TAMRA. IP-10 forward primer: 5Ј-GCCGTCATTTTCTGCCTCA-3Ј; reverse primer: 5Ј-GTCCTTGCGAGAGGGATCC-3Ј; probe: 5Ј-6FAM-CCTGCTGGGTCTGAGTGGGACTCAA-TAMRA. I-TAC forward primer: 5Ј-GGGCGCTGTCTTTGCATC-3Ј; reverse primer: 5Ј-AAGCTTTCTC-GATCTCTGCCAT-3Ј; probe: 5Ј-6FAM-CCCCGCGATGAAAGCCGTCAA-TAMRA. CCR2 forward primer: 5ЈϪAACAGTGCCCAGTTTTCTATAGG-3Ј; reverse primer: 5Ј-CGAGACCTCTTGCTCCCCA-3Ј; probe: 5Ј-6FAM-ACAGCAGATCGAGTGAGCTCTACATTCACTCC-TAMRA. CCR4 forward primer: 5Ј-AAGAAGAACAGAGCAGTGCGC-3Ј; reverse primer: 5Ј-GCGACCAGAAGCCGAGG-3Ј; probe: 5Ј-6FAM-TGATCTTCGGCGTGGT-GGTCCTCT-TAMRA. CXCR3 forward primer: 5Ј-GCTGCTGTCCAGT-GGGTTTT-3Ј; reverse primer: 5Ј-AGTTGATGTTGAACAAGGCGC-3Ј; probe: 5Ј-FAM-CCCTGGCCTCTGCAAAGTGGCA-TAMRA. Monocytechemoattractant protein-1 (MCP-1), macrophage-inflammatory protein-1␣ (MIP-1␣), tumor necrosis factor ␣ (TNF-␣), IL-1␤, IFN-␥, IL-4, and CCR5 primer and probe mixtures were obtained from Applied Biosystems.
RESULTS
Induction of CXCR3 expression on murine Th cell subsets upon antigen stimulation
We generated mouse Th1 and Th2 cells by stimulating splenocytes from AND TCR-transgenic mice with PCC peptide in the presence of IL-12 or IL-4, respectively (see Materials and Methods). This protocol results in polarized IFN-␥ producing Th1 and IL-4 producing Th2 cells as shown by cytoplasmic staining (Fig.  1A) . To assess the surface expression of CXCR3 upon antigen stimulation in these two T cell subsets, we used affinity-purified rabbit polyclonal anti-CXCR3 antibodies (see Materials and Methods) for flow cytometry. This antibody has been shown to stain murine CXCR3 specifically by using transfected cells and by blocking staining with the immunizing peptide [23, 25] . Using this antibody, we found that naive splenocytes from AND TCR mice had no detectable CXCR3 on the surface (Fig. 1C) . Upon antigen stimulation, induction of CXCR3 was detected by day 4, and the induction occurred in Th1 and Th2 cultures (Fig. 1B) . A Th1 bias for CXCR3 expression was not observed in mouse as is seen in human [26, 27] . In fact, we found Th2 cells showed a slightly but consistently higher level of CXCR3 by flow cytometry in three independent cultures (Fig. 1C) . CCR5, conversely, was not induced under Th2 condition (Fig. 1B) , showing a strong Th1 bias as expected. We next examined the mRNA level of CXCR3 in our murine Th1 and Th2 cultures, as preferential expression of CXCR3 in human Th1 cells was more evident at the mRNA level [26, 27] . By using real-time PCR analysis, we found the CXCR3 mRNA level in mouse Th1 cells was two-to threefold higher than that in Th2 cells ( Table 1) . With the same cDNA samples, the CCR5 level in Th1 cells was approximately tenfold higher than that in Th2 cells. Expression of IFN-␥ and IL-4 was also analyzed to monitor polarization of our Th1 and Th2 cultures (Table 1) . CCR4, as expected, was expressed more in Th2 cells. In conclusion, murine CXCR3 expression seems to be largely dependent on antigen stimulation with very little influence from cytokines. The slight discrepancy between mRNA level and surface expression of CXCR3 in Th1 and Th2 cultures is likely a result of receptor internalization, as all three CXCR3 ligands are expressed at a much higher level in Th1 cells, as shown by real-time PCR analysis (Table 1) . I-TAC has been shown to be the most potent inducer of CXCR3 internalization [28] .
In vitro chemotaxis of murine Th1 and Th2 cells in response to CXCR3 ligands
To evaluate whether Th1 and Th2 cells, both of which express CXCR3 as shown above, are responsive to CXCR3 ligands, we examined the chemotactic response of Th subsets to I-TAC, IP-10, or MIG. As shown in Figure 2 , CXCR3 ϩ Th2 cells exhibited chemotaxis to all three CXCR3 ligands to a similar extent as CXCR3 ϩ Th1 cells in vitro (Fig. 2) . In contrast, Th2 cells failed to respond to RANTES or MIP-1␤ (Fig. 2) , which is consistent with lack of CCR5 receptor expression on their surface as shown in Figure 1B . In conclusion, Th1 and Th2 cells migrated in response to CXCR3 ligands with similar chemotaxis index, suggesting that the CXCR3 receptor on both Th cell subsets is functional in vitro.
In vivo Th cell migration to CFA-treated peritoneum
To evaluate migration of Th cells to an inflammatory site quantitatively, we have modified a previously published CFA-induced peritonitis model [29] . In vitro polarized Th1 cells generated from AND TCR-transgenic mice were labeled with green tracker CMFDA before adoptive transfer into irradiated AND TCR-transgenic mice. Irradiation was sublethal (750 rads), and within the 4-day period of the assay, transferred T cells retained green tracker and were detectable and able to be quantified. Recipients were then challenged with an i.p. injection with CFA, and the number of adoptively transferred cells was detected by direct fluorescence in the FL1 channel on the flow cytometer. As a result of irradiation to the recipients, donor T cells became a significant population in lymphoid organs as well as inflammatory sites, which was desirable for quantification. Antigen was not injected with CFA, and therefore, the number of Th1 cells detected in the peritoneum was only a result of Th1 cell trafficking. We tested this modified model by adoptively transferring different numbers of T cells ranging from 2 to 15 million. Three days after i.p. injection of CFA, the number of green tracker-positive cells recovered from peritoneum correlated with the number of cells transferred (Fig.  3) . Peritoneal cells (18%) were green tracker-positive when 1.5 ϫ 10 7 cells were transferred, and only 2.9% of peritoneal cells were green tracker-positive when 2 ϫ 10 6 cells were transferred. We therefore routinely use 1.5 ϫ 10 7 T cells for subsequent transfer studies. In conclusion, this model is sensitive for quantifying T cell migration to the inflamed peritoneum. In vitro-differentiated Th1 and Th2 cells were harvested at day 6. Total RNA and mRNA were prepared for Taqman analysis as described in Materials and Methods. Experiments were performed in triplicates. Shown here is the relative difference in mean mRNA levels of listed genes between Th1 and Th2 cells. Genes expressed more in Th2 cells are shown in red. Two independent experiments are shown. Preferential Th1 recruitment to CFA-treated mouse peritoneum
In the model described previously using nonirradiated recipients, we found that Th2 cells entered the inflamed peritoneum much less efficiently as compared with Th1 cells [29] . Here, we compared Th1 and Th2 migration using the modified protocol described above. As shown in Table 2 , when saline was injected into the peritoneum, very little migration (Ͻ1%) to the peritoneum was observed for transferred Th1 or Th2 cells. When inflammation was created in the peritoneal cavity with CFA treatment, transferred Th1 cells migrated to the peritoneum much more efficiently than Th2 cells ( Table 2) 
Effects of CXCR3 neutralization on T cell migration
Previously, we as well as others [29, 30] demonstrated that blocking the interaction of selectin with its ligands using anti-P-and -E-selectin antibodies can inhibit Th1 cell migration to inflammatory sites. Here, we explore the roles of chemokines and chemokine receptors and their interactions in the recruitment of Th cells to the inflamed peritoneum. We first examined cytokine and chemokine mRNA expression in 3-day, CFA-treated peritoneal cavity by Taqman analysis. Using mRNA levels of peritoneal cell from saline-treated mice as a baseline, we found a number of cytokines were up-regulated (Table 3) , including proinflammatory cytokines, TNF-␣, IL-1␤, and IFN-␥. MCP-1/CCL2 (a ligand for CCR2) and MIP-1␣/CCL3 (a ligand for CCR5) were also induced in addition to two CXCR3 ligands, IP-10 and I-TAC (Table 3) .
To examine whether blocking the interaction of a single chemokine receptor with its ligand(s) would have a significant effect on T cell migration to inflammatory sites in vivo, we used a neutralizing polyclonal anti-CXCR3 antibody in the CFAinduced T cell recruitment model described above. The anti-CXCR3 antibody was first tested in vitro and was shown to block the binding of radiolabeled IP-10 to CXCR3-transfected rat basophilic leukemia (RBL) cells as well as in vitro-polarized Th1 cells, with IC 50 at 5 nM and 100 nM, respectively (Fig. 4) . Th1 cells generated from AND TCR mice were transferred to irradiated AND TCR mice, and 400 g anti- 
Induction of CXCR3 on T lymphocytes with antigen stimulation in vivo
We have demonstrated that naive T cells stimulated with antigen in vitro up-regulate CXCR3 on their surface, which is necessary but not sufficient for entering an inflammatory site. To examine the induction of CXCR3 in vivo, we adoptively transferred naive DO11 T cells into BALB/c recipient mice. After 24 h, the mice were immunized by footpad injection with ovalbumin (OVA) and CFA. Draining popliteal lymph nodes were removed 3 days later, and cells were stained for CD4, DO11 TCR (KJ126), and anti-CXCR3. As expected, DO11 CD4 ϩ KJ126 ϩ T cells expanded in lymph nodes in response to OVA stimulation [29, 31] . Naïve T cells did not express CXCR3 on the surface (data not shown). Upon antigen stimulation, CXCR3 was up-regulated only on antigen-specific CD4 ϩ KJ126 ϩ T cells, demonstrating again the importance of T cell receptor signaling for induction of CXCR3 (Fig. 6 ). In conclusion, T cells up-regulate CXCR3 on the surface after encountering antigen/antigen-presenting cells in the draining lymph nodes, which is required for subsequent homing to sites of inflammation. Saline or CFA was injected i.p. to irradiated AND TCR mice. Three days later, peritoneal cells from 30 saline-treated or 12 CFA-treated mice were pooled within the group. Total RNA and mRNA were prepared for Taqman analysis as described in Materials and Methods. Experiments were performed in triplicates. Shown here is the fold-induction in mean mRNA levels from CFA versus saline-treated groups. 
Effects of CXCR3 neutralization in a DTH model
DTH is a T cell-mediated immune response, which includes the induction phase in the lymph nodes and subsequent migration of effector T cells and other leukocytes to the site of antigen injection. IP-10 has been previously shown to play a role in DTH responses [32, 33] . Here, we examined whether anti-CXCR3 antibody treatment, which inhibited T cell migration to sites of inflammation as shown in Figure 5 , would result in a diminished DTH response. Our DTH model is typically done by immunizing mice with sRBC, i.v., and challenging the mice 3 days later with RBC by a subplantar injection in the hind footpad. The magnitude of the DTH response is measured 24 h later with a mercury plethysmograph. To examine the role of CXCR3 in the DTH response, anti-CXCR3 antibody (200 g) was injected i.v. at the time of challenge, and the volume of footpad swelling was measured. As shown in Figure 7 , anti-CXCR3 antibody treatment at the time of challenge decreased the footpad swelling by 70%. The anti-inflammatory agent, indomethacin, decreased the footpad swelling by 79%. In conclusion, anti-CXCR3 is effective in suppressing a DTH response.
DISCUSSION
In this study, we have examined the roles of CXCR3 in mediating Th cell migration to an inflammatory site and in were adoptively transferred into BALB/c mice (nϭ4). After 24 h, mice were immunized with OVA and CFA by footpad injection. Draining lymph nodes were collected 3 days later and were stained with APC-conjugated anti-CD4 and FITC-labeled KJ126 and with rabbit anti-mouse CXCR3 antibody or with rabbit IgG followed by anti-rabbit Ig conjugated with PE. Shown here is the CXCR3 expression on CD4 ϩ KJ126 ϩ and CD4 ϩ KJ126 -cells in the draining lymph node from a representative mouse. One of two comparable experiments is shown. generating a T cell-mediated immune response. Our data indicate that activation of naive CD4 cells with specific antigen leads to rapid up-regulation of CXCR3 in vitro and in vivo. The dependence of CXCR3 induction on T cell receptor signaling is nicely demonstrated in vivo, as CD4 ϩ KJ126 -T cells that cannot bind the administered antigen fail to up-regulate CXCR3. The cytokine influence on CXCR3 expression is modest. We have found that the mRNA level of CXCR3 is slightly higher in the presence of IL-12, and surface expression of CXCR3 is slightly higher in the presence of IL-4. Based on these data, CXCR3 is an activation rather than a differentiation marker, at least in the murine system. This is different from CCR5, which is expressed following activation under Th1 but not Th2 culture conditions.
In the process of establishing an in vivo T cell recruitment model, we have tried directly injecting chemokines i.p. We found that the numbers of transferred Th1 cells that traffic to the peritoneum are highly variable among individual animals. The CFA-induced peritonitis model, conversely, has provided us consistent results, as CFA-induced, inflammatory responses are more localized and sustained. Here, we have further modified our CFA-induced peritonitis model [29] by treating recipient mice with a sublethal level of irradiation. By doing so, the donor T cells become a significant population in lymphoid organs and the inflamed peritoneum, which makes it suitable for quantification of T cell homing. A number of groups have reported that T cells undergo homeostasis-driven proliferation in the secondary lymphoid organs in a lymphopenic environment, which can be induced by irradiation [34 -36] . In agreement with their finding, we found some of the donor T cells in the CFA-treated peritoneum contain diluted green tracker by day 6 after irradiation and Th1 cell transfer. This does not appear to be a problem, as we routinely carry out this recruitment model within 3-4 days, when the number of donor cells has not increased significantly. Even if some degree of T cell expansion occurs in secondary lymphoid organs, the amount of Th1 cells in the inflamed peritoneum is determined only by the degree of T cell recruitment, as no local antigen is present to generate a local T cell-proliferative response. Irradiation is also shown to induce adhesion molecules including intercellular adhesion molecule-1, vascular cell adhesion molecule-1, and E-selectin on endothelial cells in vitro [37, 38] . Therefore, irradiation may enhance the inflammatory response that is induced by CFA in our system. Nevertheless, a similar, preferential Th1 recruitment is observed in irradiated and nonirradiated mice [29, 30] .
The preferential Th1 recruitment apparently cannot be explained by CXCR3 expression. The levels of CXCR3 on Th2 cells are at least as high as those on Th1 cells, and CXCR3 ϩ Th2 cells exhibit chemotaxis to CXCR3 ligands to the same degree as CXCR3 ϩ Th1 cells in vitro. Furthermore, CXCR3 expression on Th2 cells is stable in vivo when transferred to recipients treated with CFA alone (data not shown). Previously, we and others [29, 30, 39] showed that Th1 cells express higher levels of functional selectin ligands than do Th2 cells. This contributes, at least in part, to the preferential Th1 recruitment to an inflammatory site and strongly supports a model in which transmigration is a multistep process that requires participation of chemokine receptors in conjunction with adhesion molecules, including the selectin family. Our results indicate that CXCR3 is not sufficient to mediate T cell transmigration to an inflammatory site, as demonstrated in the case of the Th2 cells examined in the current study. However, CXCR3 is necessary, as CXCR3 neutralization diminishes the migration of Th1 cells dramatically.
Given the redundancy of chemokine networks shown in vitro, the degree of inhibition of T cell migration to an inflammatory site by anti-CXCR3 antibody alone is impressive. In our system, CCR5 is expressed in Th1 cells, and its ligand (mRNA level) is also expressed in CFA-treated peritoneum. Chemokines are appreciated mainly for their roles in enhancing binding affinity of integrins and inducing diapedesis through chemokine gradient. Alon and colleagues [7] , who suggested that under shear force, apical endothelial chemokines promote T cell migration across endothelial barriers even in the absence of chemotactic gradients, recently revealed an additional function of chemokines. Piali et al. [40] reported that anti-CXCR3 inhibits adherence of IL-2-treated T cells to TNF-␣-and IFN-␥-treated human umbilical vein endothelial cells (HUVEC) under flow condition. It is interesting that transmigration across HUVEC monolayers is not inhibited by treatment with anti-CXCR3 antibody [40] . Furthermore, our preliminary studies reveal that a small molecule CCR2 antagonist inhibits monocyte transmigration through HUVEC monolayers without affecting firm adhesion of monocyte on endothelium under flow conditions (unpublished results). Based on these findings, biological redundancy of chemokines in vivo may not be as confounding as previously predicted. It is possible that in vivo, the chemokine system acts through a coordinated and perhaps sequential chain of events, and temporal and spatial control mechanisms come into play. Thus, one single chemokine receptor may play a unique, irreplaceable role in a particular step of leukocyte transmigration. It is a challenge, however, to identify the essential chemokine receptor for a particular disease.
In this study, trafficking Th1 cells to inflamed peritoneum is greatly inhibited; however, not completely stopped by anti-CXCR3 antibody treatment. We recovered donor T cells from the spleen and peritoneum of anti-CXCR3-treated mice and incubated them with rabbit IgG or anti-CXCR3 antibody to measure CXCR3 expression by flow cytometry. No additional binding to anti-CXCR3 antibody was detected in donor Th1 cells from the spleen. In the peritoneum, however, we detected a small number of Th1 cells that could bind anti-CXCR3 antibody in vitro, indicating these cells have escaped from binding to the antibody in vivo, or CXCR3 receptors are down-regulated in these cells after transmigration [28] . The first possibility suggests that incomplete antibody coverage is one of reasons that some Th1 cells make their way to the inflamed peritoneum. However, CXCR3-independent Th1 cell trafficking to peritoneum is not excluded in this system. The potential roles of CCR5 in Th1 trafficking to sites of inflammation need to be addressed, as CCR5 is expressed in Th1 cells (Fig. 1) , and its ligands are induced by CFA (Table 3) .
In light of the above observation, it is likely that in the clinic, 100% inhibition of effector T cell trafficking may not be achieved with one antibody or a small molecule chemokine receptor antagonist. Small doses of classical, immunosuppres-sive agents, e.g., cyclosporine A, may be required in combination with a CXCR3 antagonist to achieve clinical efficacy. In this regard, CXCR3 has the advantage of being involved in T cell activation in addition to T cell trafficking. Hancock and his colleagues [16] reported that T cells from CXCR3-deficient mice have diminished allogeneic responses. Recent work from Taniguchi and colleagues [41] demonstrates that the anti-CXCR3 antibodies inhibit the proliferation of naïve CD8 ϩ T cells to allogeneic APCs, possibly through down-regulation of CD25 expression. The dual roles of CXCR3 make it an attractive molecular target for clinical application. Anti-CXCR3 antibodies have been shown to prolong allograft survival in rodents [16] . However, the ability of the CXCR3 blockade to ameliorate pre-existing autoimmune diseases remains to be determined.
